Extreme Primordial Star Formation Enabled by High Redshift Quasars by Johnson, Jarrett L. & Aykutalp, Aycin
ar
X
iv
:1
80
6.
07
90
1v
3 
 [a
str
o-
ph
.G
A]
  2
0 M
ay
 20
19
DRAFT VERSIONMAY 22, 2019
Preprint typeset using LATEX style emulateapj v. 12/16/11
EXTREME PRIMORDIAL STAR FORMATION ENABLED BY HIGH REDSHIFT QUASARS
JARRETT L. JOHNSON1 AND AYCIN AYKUTALP2
Draft version May 22, 2019
ABSTRACT
High redshift quasars emit copious X-ray photons which heat the intergalactic medium to temperatures up
to ∼ 106 K. At such high temperatures the primordial gas will not form stars until it is assembled into dark
matter haloes with masses of up to ∼ 1011 M⊙, at which point the hot gas collapses and cools under the
influence of gravity. Once this occurs, there is a massive reservoir of primordial gas from which stars can form,
potentially setting the stage for the brightest Population (Pop) III starbursts in the early Universe. Supporting
this scenario, recent observations of quasars at z ∼ 6 have revealed a lack of accompanying Lyman α emitting
galaxies, consistent with suppression of primordial star formation in haloes with masses below ∼ 1010 M⊙.
Here we model the chemical and thermal evolution of the primordial gas as it collapses into such a massive
halo irradiated by a nearby quasar in the run-up to a massive Pop III starburst. We find that within ∼ 100
kpc of the highest redshift quasars discovered to date the Lyman-Werner flux produced in the quasar host
galaxy may be high enough to stimulate the formation of a direct collapse black hole (DCBH). A survey with
single pointings of the NIRCam instrument at individual known high-z quasars may be a promising strategy
for finding Pop III stars and DCBHs with the James Webb Space Telescope.
Subject headings: cosmology: theory — molecules — X-rays — stars: Population III — quasars
1. INTRODUCTION
The hunt for the first generation of stars, so-called Popu-
lation (Pop) III stars, is generally carried out following two
different approaches. In the first, long-lived extremely metal-
poor stars are sought in large surveys of our Galaxy, in order
to place constraints on the initial mass function of primordial
stars (e.g. Frebel & Norris 2015; Hartwig et al. 2019). In
the second, deep observations are made of the distant, high
redshift Universe, in order to identify galaxies that may host
metal-free star formation (e.g. Inoue 2011; Sobral et al. 2015;
Xu et al. 2016). The first approach will only succeed in un-
covering Pop III stars if they are sufficiently low-mass that
they are still burning their nuclear fuel in theMilkyWay today
(or in nearby dwarf galaxies; Magg et al. 2018). The second
approach will only succeed if Pop III star-hosting galaxies are
bright enough to be detected in deep surveys of the early Uni-
verse (e.g. Jaacks et al. 2018; Sarmento et al. 2018). With
the sensitivity of these surveys on the verge of great improve-
ments, for example with the launch of the James Webb Space
Telescope (JWST; e.g. Gardner et al. 2006; Zackrisson et al.
2012; Kalirai 2018), it is key to make predictions for how Pop
III galaxies may be discovered.
The brightest Pop III galaxies are likely to form in the
largest dark matter (DM) haloes which harbor metal-free gas
in the early Universe. Such galaxies are expected to form
in regions where Pop III star formation is delayed until a
large halo is assembled, either due to radiative feedback (e.g.
O’Shea & Norman 2008; Trenti et al. 2009; Johnson 2010;
Safranek-Shrader et al. 2012; Xu et al. 2013) or a violent
merger history (Inayoshi et al. 2018). In the case of the for-
mer, high host halo masses are achieved when the primordial
gas is subject to a stellar ionizing radiation field which main-
tains its temperature at& 104 K and prevents its collapse until
a halo with such a high virial temperature, corresponding to
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a mass of up to ∼ 109 M⊙, is assembled (e.g. Dijkstra et al.
2004; Noh & McQuinn 2014; Visbal et al. 2017; Yajima &
Khochfar 2017).
While haloes of a billion solar masses are much larger than
those thought to host the very first stars at z ∼ 20 (e.g. Greif
2015), it is possible that even more massive haloes may also
host primordial star formation in regions where the gas is
heated to even higher temperatures. In particular, the high-
est temperatures of the intergalactic medium (IGM) are likely
to arise in the vicinity of bright quasars powered by accretion
of gas onto supermassive black holes at z & 6 (e.g. Mortlock
et al. 2011; Wu et al. 2015; Bañados et al. 2017; Pons et
al. 2018; Yang et al. 2018). The intense photoheating by the
copious X-rays emitted from these objects can drive the pri-
mordial gas to temperatures of up to ∼ 106 K (e.g. Bolton et
al. 2009; Aykutalp et al. 2014; Smidt et al. 2018). In such
environments, the gas will only collapse into extremely large
DM haloes with masses of up to ∼ 1011 M⊙ (e.g. Barkana
& Loeb 2001), setting the stage for the brightest Pop III star-
bursts in the early Universe.
There is recent obserational evidence that star formation is,
in fact, suppressed in DM haloes with masses below this range
in the vicinity of high redshift quasars (Goto et al. 2017). In
their work, Goto et al. (2017) report a dearth of Lyman α
emitting galaxies within several megaparsecs of a luminous
quasar at z = 6.4, consistent with suppression of star forma-
tion in haloes with masses below∼ 1010 M⊙ due to the strong
X-ray heating of the IGM by the quasar (see also Simpson et
al. 2014; Ota et al. 2018; Uchiyama et al. 2018).3 This find-
ing supports the tantalizing possibility that the strong radiative
feedback from high redshift quasars may delay primordial star
formation until extremely massive haloes are assembled, sug-
gesting that the conditions for the brightest Pop III starbursts
may indeed occur in the neighborhoods of bright high redshift
3 Alternatively, if there is an underdensity of DM haloes in the vicinity of
high redshift quasars this could also explain the observed trend (but see e.g.
Balmaverde et al. 2017; Ginolfi et al. 2018).
2FIG. 1.— Schematic of the scenario we consider, the evolution of collapsing primordial gas (right) under the influence of X-rays, LW and optical/infrared
radiation from a quasar (left) composed of an acceting black hole and stars in its host galaxy at redshift z & 6. The intense X-ray heating of the primordial gas
prevents its collapse into its host halo until the halo mass exceeds ∼ 1010 M⊙ (see Figure 2), resulting in the formation of a massive cluster of Population III
stars or a direct collapse black hole.
quasars.
Here we study the evolution of primordial gas irradiated by
a luminous quasar at high redshift, in order to predict the na-
ture of the primordial objects formed during its collapse. In
Section 2 we lay out the methodology of our calculations. In
Section 3 we present our basic results illustrating the evolu-
tion of irradiated gas, while in Section 4 we explore the na-
ture of the objects that are formed in its collapse. In Section
5 we demonstrate the validity of this model, as it depends on
the suppression of star formation in haloes neighboring high
redshift quasars during their full growth history. In Section
6 we present predicted fluxes for these objects and outline a
promising strategy for using the JWST to search for them. Fi-
nally, we conclude in Section 7 with a brief summary of our
findings.
2. METHODOLOGY
The basic scenario that we consider is illustrated schemat-
ically in Figure 1. On the left, a quasar at high redshift (e.g.
z & 6) emits radiation in three distinct wavebands that impact
the evolution of the primordial gas collapsing into the massive
DM halo, on the right, that sits at a distance d from the quasar.
A portion of this radiation is emitted during the accretion pro-
cess of the central black hole and a portion is from the stellar
population in the quasar host halo. In addition, some fraction
of the metals produced by the stars inhabiting the host halo are
assumed to be entrained in a galactic wind driving an outflow.
The accreting black hole powering the quasar emits high
energy X-ray radiation, most of which escapes its host galaxy,
although a small portion is converted into Lyman-Werner
(LW) H2-dissociating radiation that escapes the host galaxy.
Here we assume that the X-rays which escape the host galaxy
are monoenergetic at 1 keV, which is in the range in which
most X-ray energy has been observed to escape from high-z
quasars (e.g. Nanni et al. 2017).4 For the flux of LW radiation
J21,BH at the location of the target primordial halo that is pro-
duced due to reprocessing of the radiative energy emitted in
4 We also note that Smidt et al. (2018) find good agreement with the avail-
able data on the Mortlock et al. (2011) quasar at z = 7.1 by adopting such
a monoenergetic X-ray spectrum in a fully cosmological radiation hydrody-
namics calculation.
the accretion process, as well as due to diffuse emission in the
host galaxy, we assume a simple scaling that has been derived
from post-processing of cosmological radiation hydrodynam-
ics calculations (Barrow et al. 2018):
J21,BH = 80
(
MBH
108M⊙
)(
fEdd
1
)(
d
1Mpc
)
−2
, (1)
where d is the distance between the quasar and the target pri-
mordial halo (as shown in Figure 1), MBH is the mass of the
black hole powering the quasar, and fEdd is the ratio of the X-
ray luminosity to the Eddington luminosity. Finally, the units
of J21,BH are the standard 10
−21 erg s−1 cm−2 Hz−1 sr−1. The
X-ray energy that escapes the quasar host halo propagates into
the IGM, where it heats the primordial gas to high tempera-
tures. This is shown in Figure 2, which illustrates schemat-
ically the impact of radiation emitted from a high redshift
quasar on the primordial gas in the surrounding IGM.
The stellar population in the quasar host galaxy is assumed
to contribute to the LW flux impinging on the target primor-
dial halo, as well as to a flux of optical and infrared radiation
at energies ≥ 0.75 eV that can destroy H−, an important pre-
cursor to the formation of H2 in the primordial gas. The LW
flux J21,∗ produced by the stellar population is expressed in
terms of the stellar mass M∗ in the quasar host halo, as fol-
lows (Johnson et al. 2013):
J21,∗ = 60
(
M∗
1010M⊙
)(
d
1Mpc
)
−2
. (2)
This rate has been chosen to correspond to an effective stellar
temperature of T∗ = 3 × 10
4 K, in line with the cosmologi-
cal average stellar properties at z ∼ 6 presented in Agarwal
& Khochfar (2015). Also following these authors, we have
adopted this effective stellar temperature in evaluating the rate
of H− destruction by optical and infrared radiation, although
in Section 3 we explore the impact on our results of assum-
ing either older (cooler) or younger (hotter) stellar populations
(e.g. Shang et al. 2010).
To model the evolution of the primordial gas as it collapses
into the massive primordial target halo (shown at right in Fig-
3FIG. 2.— Temperature of the primordial gas (left axis), as a function of
distance d from quasars powered by Eddington accretion onto black holes
of three distinct masses: 108, 109 and 1010 M⊙. The gas is assumed to
be at the cosmic mean density at z = 6. The kinks in the curves are due
to recombination of helium and hydrogen ions and the additional cooling
that they provide. Also shown is the minimum halo mass required for the
primordial gas to collapse (right axis) to form either stars or a DCBH.
ure 1), we use these radiative fluxes in the one-zone primor-
dial chemistry code adopted in Johnson & Dijkstra (2017).
To properly incorporate the effects of X-rays in this model,
we have made the following five modifications. (1) We calcu-
late the rate of photoionization of both hydrogen and helium
species, using the cross sections presented in Osterbrock &
Ferland (2006). (2) We account for the partitioning of pho-
toelectron energy into secondary ionizations and collisional
heating, as described by Shull & van Steenberg (1985). (3)
We adopt an approximate treatment for the local attenuation
of the X-ray flux in the target primordial halo, following John-
son et al (2014). (4) We account for Compton heating of the
primordial gas due to X-rays. (5) We initialize our calcula-
tions at a hydrogen number density of 0.01 cm−3, correspond-
ing to roughly a factor of two lower than the virial density at
z ≃ 6.5
It is important to note that this treatment is appropriate for
primordial gas that starts at the low densities characterizing
the high-z IGM, as has been extensively studied (e.g. Dijkstra
et al. 2004; Okamoto et al. 2008; Johnson et al. 2014; Chon
& Latif 2017; Wu et al. 2019). This is distinct from the situa-
tion in which gas is pre-collapsed in haloes and is photoevap-
orated by ionizing photons, as studied in detail by e.g. Iliev
et al. (2005). We emphasize, however, that the impact of X-
rays in potentially stimulating primordial gas cooling through
the creation of free electrons that catalyze H2 formation is
included in our one-zone model (as also in e.g. Inayoshi &
Omukai 2011).
As we show in the next Section, our results are in basic
agreement with those gleaned from the similar framework
presented in Inayoshi & Omukai (2011) and in the cosmolog-
ical calculations presented in Regan et al. (2016), although in
many cases the X-ray fluxes that we consider are much higher
than those considered by these authors.
3. EVOLUTION OF STRONGLY IRRADIATED PRIMORDIAL GAS
5 We have tested the sensitivity of our results to the choice of initial den-
sity. While for lower initial densities the free electron fraction is found to be
slightly higher due to the lower recombination rate, we find essentially iden-
tical results at the high densities at which the final fate of the collapsing gas
is determined.
Given the extreme radiative environment in the vicinity of
a luminous quasar in the early Universe, the evolution of the
primordial gas exposed to this radiation is strongly dependent
on its proximity to the quasar. In addition, the chemistry of
the primordial gas is impacted in a complex manner by the
various types of radiation that are emitted from the accret-
ing black hole and its surrounding host galaxy. In particu-
lar, while the LW radiation and the optical/infrared radiation
generally act to suppress the abundance of the key molecular
coolant H2, the intense X-ray radiation acts to produce free
electrons which stimulate its formation (e.g. Glover 2003;
Aykutalp et al. 2014).
Figure 3 shows the evolution of the primordial gas as it
collapses to high density in a massive primordial DM halo
exposed to the radiation produced by a quasar powered by
Eddington accretion onto a 108 M⊙ supermassive black hole
within a host galaxy containing 1010 M⊙ in stars. While the
gas is initially at very high temperatures when it is at the den-
sity of the IGM prior to its collapse, as shown in Figure 2,
once it is bound in a sufficiently massive DM halo it is able to
collapse to high density and its temperature then drops to the
∼ 104 K floor set by atomic hydrogen cooling. Then, depend-
ing on its distance from the quasar, the temperature drops by
up to another two orders of magnitude due to molecular cool-
ing by H2. There are two competing processes which dictate
the degree to which H2 cooling affects the evolution of the
primordial gas. While the free electron fraction is elevated
due to photoionization of hydrogen and helium species by the
X-rays, leading to the catalyzed formation of H2 molecules,
the LW and optical/infrared radiation emitted from the quasar
host galaxy also strongly suppress the H2 fraction. The result
is that, closer to the quasar source, the gas remains hotter at
the highest densities than it is farther away.
The net impact of the X-ray flux on the thermal evolution
of the gas is shown in Figure 4, where the solid lines show
the temperature of the gas with the X-ray flux included in the
calculation and the dashed lines show it with them excluded.
It is clear that while they strongly heat the gas at low densi-
ties, the X-rays also have the impact of enhancing molecular
cooling at high densities (e.g. Aykutalp et al. 2014; Inayoshi
& Tanaka 2015; Latif et al. 2015; Glover 2016). Their ef-
fect is strongest closest to the quasar source, where in their
absence the gas temperature remains elevated at ≃ 104 K at a
distance of 100 kpc, signifying a very strong suppression of
H2 formation.
At larger distances from the quasar source, where the gas is
able to cool due to the radiation from H2 molecules, it is also
possible for the coolant HD to play a role in the thermal evolu-
tion of the gas, as shown in Figure 5. As the gas temperature
drops to lower values (at high density) with increasing dis-
tance from the quasar source, HD cooling becomes stronger,
as reflected in the higher HD fractions at larger distances in
the bottom-right panel of Figure 3. This is consistent with
previous work showing that HD cooling can be triggered in
primordial gas with an elevated free electron fraction (e.g. Na-
gakura & Omukai 2005; Johnson & Bromm 2006; Nakauchi
et al. 2014). Due to the lower temperatures to which the gas
is able to cool, in part due to HD cooling, farther from the
quasar source, the fragmentation scale in the primordial gas
is likely smaller and the characteristic initial mass function of
stars that form may be shifted to lower masses (e.g. Uehara &
Inutsuka 2000; Ripamonti 2007; McGreer & Bryan 2008).
While we have assumed a cosmological average stellar pop-
4FIG. 3.— Evolution of the collapsing primordial gas at three distinct distances d from a quasar powered by Eddington accretion onto a 108 M⊙ black hole
within a host galaxy containing 1010 M⊙ in stars: 100 (yellow), 500 (green), 1000 kpc (red). Clockwise from the top-right panel are shown, as functions of the
number density to which the gas has collapsed, the following: the H2 fraction, the ratio of the HD and H2 number densities in the gas, the free electron fraction
and the gas temperature. The temperature floor set by the cosmic microwave background (CMB) at z = 6 is shown by the horizontal dotted line in the top-left
panel.
ulation for the quasar host galaxy in our results presented thus
far, in Figure 6 we show the thermal evolution of the gas ir-
radiated by both an older and a younger stellar population,
corresponding to characteristic stellar radiation temperatures
of T∗ = 10
4 and 105 K, respectively. Principally due to the el-
evated rate of photodetachment of H− by infrared and optical
photons, an older stellar population clearly delays the cooling
of the gas and in some cases prevents it from cooling to tem-
peratures much below 104 K, consistent with previous results
(e.g. Wolcott-Green et al. 2012, 2017; Sugimura et al. 2014;
Agarwal & Khochfar 2015; Latif et al. 2015). In contrast,
the gas evolves similarly to our fiducial case with a younger,
hotter stellar population in the quasar host halo.
4. DIRECT COLLAPSE BLACK HOLE FORMATION
The final fate of the quasar-irradiated primordial gas in a
massive DM halo is strongly dependent on the temperature
to which it cools as it collapses, as this dictates the scale on
which gravitational fragmentation occurs. In general, if the
gas remains hotter during its collapse then it is likely to frag-
ment into stars with a mass function shifted to higher masses.
In extreme cases in which molecular cooling is strongly sup-
pressed, the gas may remain at temperatures of ≃ 104 K,
leading to the formation of supermassive stellar objects (e.g.
Begelman 2010; Hosokawa et al. 2013; Schleicher et al.
2013; Haemmerlé et al. 2018) with masses of 104 - 106 M⊙
which promptly collapse into so-called direct collapse black
holes (DCBHs; for reviews see Volonteri 2012; Latif & Fer-
rara 2016; Valiante et al. 2017; Smith et al. 2017; Woods et
al. 2018). Here we explore the conditions required for the for-
mation of DCBHs in primordial haloes irradiated by quasars.
As shown in the previous Section, it is possible for the pri-
mordial gas to remain at the high temperatures required for
DCBH formation if the radiative flux from the quasar is suf-
ficiently strong. Table 1 shows the maximum distance dDCBH
from a quasar powered by Eddington accretion out to which
DCBH formation can occur, for various masses MBH of the
black hole powering the quasar and across a range of temper-
atures characterizing the stellar population in the quasar host
galaxy. For our fiducial case with T∗ = 3× 10
4 K, we find that
DCBH formation may occur within 50 kpc of a quasar pow-
ered by Eddington accretion onto a 108 M⊙ black hole, while
it may occur out to 500 kpc in the extreme case of one pow-
ered by a 1010 M⊙ black hole. In general, the values we find
for dDCBH increase with decreasing stellar radiation tempera-
ture, implying that DCBHs can form farther out from quasars
hosting older stellar populations.
While Table 1 shows results for a fiducial choice ofM∗/MBH
5FIG. 4.— Like the top-left panel in Figure 3, but now showing the evolution
of the collapsing gas with (solid) and without (dashed) the quasar source X-
ray flux.
FIG. 5.— Like the top-left panel in Figure 3, but now showing the evolution
of the collapsing gas with (solid) and without (dashed) HD cooling included.
Note that the lines corresponding to d = 100 kpc are essentially identical and
overlap one another.
FIG. 6.— Like the top-left panel in Figure 3, but now showing the evolution
of the collapsing gas under the influence of LW and optical/infrared radiation
from a stellar population with a characteristic temperature of 104 K (solid)
and 105 K (dashed).
= 100 for the stellar to black hole mass in the source quasar, it
is important to note that this ratio can take on smaller val-
ues particularly in the early Universe when there has been
little time for star formation around the rapidly accreting
black holes powering quasars. In particular, Venemans et al.
(2017a,b) find evidence for values as low as M∗/MBH ∼ 20 for
the highest redshift quasars. Furthermore, in some scenarios
for the earliest stages of growth of high-z quasars, the central
black hole mass can be even larger relative to that of the stel-
lar population (e.g. Agarwal et al. 2013). Table 2 shows the
values of dDCBH that we find for various ratios of the stellar
to black hole mass in the quasar host halo. In general, given
the contribution that the stellar component makes to the pro-
duction of H2-dissociating LW radiation, we find that DCBH
formation can occur out to larger distances for a larger stellar
population, at a given value of the central black hole mass.
The results shown in Table 2 are captured well by a single fit-
ting formula which expresses dDCBH in terms of the black hole
mass MBH and stellar mass M∗ in the quasar host halo:
dDCBH ≃ 30kpc
(
MBH
109M⊙
)0.5(
M∗
MBH
)0.4
, (3)
where this is valid under the assumption of Eddington accre-
tion onto the black hole and given our fiducial case of a z ∼ 6
cosmological average stellar population with a characteristic
temperature of T∗ = 3 × 10
4 K. Outside of dDCBH we expect
that the gas will cool to sufficiently low temperatures that the
gas will readily fragment and form a cluster of Pop III stars,
instead of a DCBH.
While the radiation emitted from high-z quasars may pro-
vide the conditions for the formation of these objects, such
quasars are also known to emit metal-enriched ouflows which
pollute the IGM, as shown schematically in Figures 1 and 9.
These metals, if mixed with the collapsing primordial gas,
will act to preclude the formation of Pop III stars and DCBHs.
At an average velocity of 100 km s−1 (e.g. Girichidis et al.
2016), the outflow would progress at most ≃ 100 kpc within
the age of the Universe at z = 6. This is, in fact, broadly
consistent with the results of a cosmological radiation hydro-
dynamics simulation (Smidt et al. 2018) of the formation of
a z = 7.1 quasar matching the observable properties of the
Mortlock et al. (2011) quasar, in which the metal-enriched
region extends out to ≃ 50 kpc from the compact quasar host
galaxy.6 In addition, this is also in line with the ≃ 30 kpc
extent of the outflow inferred for a bright z = 6.4 quasar by
Cicone et al. (2015) as well as with the ∼ 10 kpc extent of
metal-enriched regions around star-forming galaxies at simi-
lar redshifts detected with ALMA (e.g. Fujimoto et al. 2019).
As these distances are comparable to those we find for dDCBH
around quasars powered by relatively small black holes and
with low stellar to black hole mass ratios, it appears that the
rate of DCBH formation around high-z quasars is likely to be
somewhat reduced due to metal enrichment of the primordial
IGM in their vicinity. Given this, the Pop III galaxies which
we expect to form farther out (i.e. at d > dDCBH) may be the
most frequently occurring primordial objects in the vicinity of
high-z quasars.
5. SUPPRESSION OF STAR FORMATION
6 We note that a similar extent of ≃ 50 kpc for metal-enriched outflows
from quasar host galaxies at z≃ 7.5 is also found in other recent cosmological
simulations (e.g. Ni et al. 2018).
6TABLE 1
DISTANCES OF DCBHS FOR VARIOUS EFFECTIVE
TEMPERATURES OF THE STARS IN THE QUASAR HOST GALAXY
Stellar temperature [K]
BH mass [M⊙] 10
4 3 × 104 105
108 300 50 20
109 1000 200 70
1010 3000 500 200
NOTE. — Maximum distance dDCBH (in kpc) from host quasars
powered by black holes with masses MBH in which DCBH can form,
for various values of the effective temperature T∗ of the stellar pop-
ulation in the quasar host halo. Eddington accretion is assumed for
the BH in the source quasar in all cases shown here, as is a stellar to
black hole mass ratio of M∗/MBH = 100.
TABLE 2
DISTANCES OF DCBHS FOR VARIOUS QUASAR HOST GALAXY
STELLAR TO BH MASS RATIOS
Stellar to BH mass ratio
BH mass [M⊙] 1 10 100
108 10 20 50
109 30 70 200
1010 100 200 500
NOTE. — Maximum distance dDCBH (in kpc) from host quasars
powered by black holes with masses MBH in which DCBH can form,
for various ratios of the stellar to black hole mass (M∗/MBH) in the
quasar host halo. Eddington accretion is assumed for the BH in
the source quasar in all cases shown here, as is an effective stellar
temperature of T∗ = 3 × 10
4 K.
In our picture of bright Pop III starburst and/or DCBH for-
mation, it is critical that the massive haloes in which these
objects may form remain metal-free, as even small amounts
of heavy elements will prevent Pop III star formation and
will likely also preclude DCBH formation (e.g. Omukai et al.
2008). This implies that star formation must be suppressed in
them throughout their growth until they reach mass scales of
up to & 1010 M⊙, by z ≃ 6. Here we consider the growth his-
tory of a typical such halo, which corresponds to a≃ 2σ over-
density in the cosmological dark matter field (e.g. Barkana
& Loeb 2001). We also model the growth of the photoheated
region surrounding a high redshift quasar with a mass that is
consistent with that of the highest redshift quasars found to
date (Mortlock et al. 2011; Bañados et al. 2017).
Figure 7 shows the virial temperature of a 2σ halo, corre-
sponding to a halo with mass 1010 M⊙ at z = 6, at three repre-
sentative redshifts (z = 19, 11 and 7) during its growth. Also
shown are the temperature profiles of the gas in the vicinity
of a growing BH powering the high redshift quasars that are
modeled in the cosmological radiation hydrodynamics simu-
lations of Smidt et al. (2018), at these same three represen-
tative redshifts. At early times, the gas is too hot to collapse
into the 2σ target halo (i.e. Tgas > Tvir; see e.g. Okamoto et
al. 2008), unless it is farther from the quasar than ∼ 100 kpc
by z = 7. Thus, haloes with masses of ∼ 1010 M⊙ will not
form stars in the vicinity of such high redshift quasars, unless
they lie farther than ∼ 100 kpc away by z ≃ 7. Cosmological
dark matter simulations predict that there are expected to be
haloes within this mass range that lie at distances d < 100 kpc
of the ∼ 1012 M⊙ haloes inferred to host the highest redshift
FIG. 7.— Temperature of the gas (Tgas) surrounding a canonical high red-
shift quasar powered by a BH that grows to a mass of MBH = 10
9 M⊙ by z
= 7 via Eddington-limited accretion, as a function of the distance d from the
quasar, at three epochs of its growth (solid): z = 19 (yellow), 11 (green) and 7
(red); at these times the BH mass is 105, 107 and 109 M⊙, respectively. Also
shown is the virial temperature (Tvir) of a 2σ halo (dashed), corresponding
to a massive (1010 M⊙) potential Pop III star forming halo at z ∼ 6, at the
same three epochs. Star formation would be suppressed in the 2σ halo up to
z = 7 within ≃ 100 kpc, as the gas temperature remains higher than its virial
temperature.
quasars (see e.g. Poole et al. 2017; Poulton et al. 2018). This
implies that star formation in these haloes may in fact be sup-
pressed as they grow, setting the stage for a Pop III starburst
or DCBH to form as we have explored here. Farther away
from the quasar, it may only be lower mass (e.g. 108 - 109
M⊙) haloes in which star formation is suppressed; these ob-
jects may still host DCBHs or Pop III starbursts (e.g. Trenti
et al. 2009; Johnson et al. 2010; Visbal et al. 2017), although
they would likely be less luminous than those hosted by more
massive haloes.
6. DETECTABILITY AND SEARCH STRATEGY
One key question is whether or not the primordial clusters
or DCBHs that form in massive halos in the vicinity of high-z
quasars are bright enough to be detected by current or future
observational facilities. Indeed, this is an especially impor-
tant question with regard to the JWST, as it has been designed
with the goal of finding the earliest stellar populations in the
high-z universe. Here we estimate the luminosities expected
for these primordial objects and address the prospects for un-
covering them with the JWST.
The brightest emission line expected from high-z primor-
dial star clusters is the hydrogen Lyman α line, produced in
the H II regions around hot massive stars (e.g. Schaerer 2002).
As shown in Figure 8, the NIRCam survey instrument on
board the JWST provides an exquisite sensitivity to this emis-
sion line at the high redshifts where we expect primordial stel-
lar clusters and DCBHs to form.7 Along with flux limits for
NIRCam, Figure 8 shows estimates of the Lyman α fluxes ex-
pected from Pop III stellar clusters, as functions of their host
halo mass expressed in terms of virial temperature and the
assumed stellar initial mass function (IMF). These fluxes are
computed following the approach adopted in Johnson (2010),
but using an updated estimate for the star formation efficiency
of f∗ = 0.002 that is consistent with the values gleaned from
cosmological radiation hydrodynamics simulations of Pop III
7 https://jwst.stsci.edu/instrumentation/nircam
7FIG. 8.— The Lyman α fluxes predicted for Pop III star clusters formed in
halos with virial temperatures of Tvir = 10
4 (yellow lines), 105 (green lines),
and 106 K (red lines), assuming a relatively low star formation efficiency of
f∗ = 0.002, for a Salpeter IMF (dashed lines) and a top-heavy IMF charac-
terized by stars with masses of order 100 M⊙ (solid lines). The flux limits
for the NIRCam survey instrument aboard the JWST for a 3 sigma detection
and exposure time of 2 × 105 sec are also shown by the dotted lines. Pop III
clusters formed in the massive halos (Tvir & 10
5 K) expected to potentially
host primordial star formation in the vicinity of high-z quasars are expected
to be bright enough for detection by JWST.
star formation (e.g. Aykutalp et al. 2014; Xu et al. 2016; Bar-
row et al. 2018). Although this conservative choice for the
star formation efficiency strongly limits the Lyman α flux, the
predicted fluxes are still high enough to be detected with at
least 3 sigma confidence from clusters formed in sufficiently
massive halos, in particular from halos in the upper end of
the mass range we predict to host Pop III star formation in
the vicinity of high-z quasars, with a 2 × 105 sec exposure as
shown in Figure 8.
One of the fortuitous aspects of the formation sites of the
potentially brightest Pop III clusters is that, being near bright
quasars, they can be relatively easily identified. As we have
shown, the brightest Pop III clusters and DCBHs are ex-
pected to form within several hundred kiloparsecs from high-
z quasars. As shown schematically in Figure 9, these regions
lie well within the field of view of the JWST NIRCam sur-
vey instrument, which covers roughly a square megaparsec at
z & 6. This suggests that a straightforward search strategy
by which JWST may have a chance to detect clusters of Pop
III stars is to use single pointings of NIRCam at individual
known high-z quasars. Follow-up of detected sources may
then be done using the NIRSpec instrument to obtain spec-
tra which could identify candidate Pop III clusters or DCBHs
based on bright helium emission lines and constraints on lines
from heavy (non-primordial) species such as carbon and oxy-
gen (e.g. Natarajan et al. 2017; Barrow et al. 2018). Given
the distance of these sources from nearby quasars, the accre-
tion luminosity from the quasar and the stellar mass in its host
galaxy, equation (3) can also be used as an additional baseline
to distinguish between Pop III clusters and DCBHs.8 Short of
relying on gravitational lensing to magnify the light from less
massive Pop III clusters (e.g. Rydberg et al. 2015; Windhorst
8 The number density of DCBH seeds in general and of DCBH seeds
formed in halos irradiated by quasars at high redshift is not well-constrained,
in part due to its sensitive dependence on the radiative flux required for their
formation (e.g. Habouzit et al. 2016). Recent work, however, shows that
they may form readily due to dynamical heating in rapidly growing atomic
cooling halos (e.g. Wise et al. 2019).
et al. 2019) or identifying Pop III supernovae (e.g. Weinmann
& Lilly 2005; Frost et al. 2009; de Souza et al. 2014; Hartwig
et al. 2018), this is perhaps the most promising strategy for
finding Pop III stars with the JWST.
7. SUMMARY
We have explored the evolution of the primordial gas as it is
exposed to the extreme radiation emitted from high-z quasars
powered by rapidly accreting supermassive black holes and
by their host stellar population. As shown in Figure 2, we
confirm that the temperature of the gas is raised to values of
up to ∼ 106 K due to the intense X-ray flux, with the implica-
tion that the gas will only collapse once it has been incorpo-
rated in DM haloes with masses up to ∼ 1011 M⊙. Such large
haloes would provide extremely large mass reservoirs of gas
from which Pop III stars could form, setting the stage for the
brightest primordial starbursts in the early Universe.
The possible final outcomes of the collapse of the gas that
we find are shown schematically in Figure 9. The intense LW
radiation that is emitted from quasar host galaxies suppresses
the cooling of the primordial gas as it collapses, thus satis-
fying the requirements for the formation of DCBHs in close
proximity to high-z quasars. Farther out, bright Pop III star-
bursts are instead likely to occur, with the mass function of
stars likely shifting to lower masses farther from the quasar,
in part due to the action of HD cooling and in part due to the
more intense heating of the gas by X-rays closer to the quasar
(see also e.g. Hocuk & Spaans 2010).
It is key that predictions for the sites of primordial star and
seed black hole formation be put forward now, as they are
set to be tested in the upcoming years with the launch of the
JWST, among other next generation facilities that will peer
deeper than ever into the distant early Univserse. This work
provides a clear prediction that the brightest Pop III starbursts
could be located within ∼ 1 Mpc of bright quasars at z &
6, and that DCBHs may be formed in even closer proxim-
ity to them.9 While these primordial objects are likely rare,
it follows from this prediction where they should be sought:
near bright quasars in the early Universe, perhaps even around
some that have already been discovered. Indeed, we have
shown that the brightest Pop III clusters may be detectable
by the JWST, and that a potentially promising strategy for
finding them would be to make single pointings at individual
known high-z quasars with the NIRCam survey instrument.
In addition to future observations that will place constraints
on the number density of such objects in the early Universe,
next generation cosmological radiation hydrodynamics simu-
lations will also be able to place theoretical constraints (see
e.g. Habouzit et al. 2018). Such simulations will be challeng-
ing, as they will have to cover a large cosmological volume of
at least hundreds of comoving Mpc in order to contain even
one quasar like the earliest known at z & 7 and at the same
time have sufficiently high resolution to model star forma-
tion in minihaloes and the impact of X-rays and LW radiation
from the quasar on the gas within at least several comoving
Mpc of its host galaxy (currently such simulations are lim-
ited to much smaller computational volumes; see e.g. Maio
et al. 2018). Whether these next generation simulations can
be completed before the beginning of the next generation of
observations with JWST remains to be seen.
9 We note that it may be only a small fraction of all DCBHs that form in
the vicinity of high redshift quasars (see e.g. Agarwal et al. 2012; Yue et al.
2014; Habouzit et al. 2016).
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FIG. 9.— Graphical representation of our findings presented in Table 2 for the maximum distance dDCBH from a high redshift quasar at which a DCBH can form
in a collapsing primordial halo, as it depends on the mass MBH of the black hole powering the quasar and on the stellar mass M∗ in the quasar host galaxy. In
general, DCBH formation can occur farther away from quasars powered by more rapidly accreting black holes, as it can also from quasar host galaxies containing
a larger mass in stars. In general, the region surrounding a z & 6 quasar within which bright Pop III clusters or DCBHs are expected to form lies well within the
field of view (FoV) of the NIRCam survey instrument aboard the JWST, shown here for reference. Thus, potentially promising surveys for bright Pop III clusters
or DCBHs could be carried out using single pointings of NIRCam at known high-z quasars.
ACKNOWLEDGEMENTS
Work at LANL was done under the auspices of the National
Nuclear Security Administration of the US Department of En-
ergy at Los Alamos National Laboratory under Contract No.
DE-AC52-06NA25396. J. L. J. and A. A. are supported
by a LANL LDRD ExploratoryResearch Grant 20170317ER.
This work was initiated and performed in part at Aspen Center
for Physics, which is supported by National Science Founda-
tion grant PHY-1607611. We are grateful to an anonymous
reviewer for comments which led to improvements in the pre-
sentation of this work, as well as to Zoltan Haiman, Mihir
Kulkarni, Eli Visbal, Kohei Inayoshi and Kevin Hainline for
valuable discussions.
REFERENCES
Agarwal, B., Khochfar, S. 2015, MNRAS, 446, 160
Agarwal, B., et al. 2013, MNRAS, 432, 3438
Aykutalp, A., Wise, J. H., Spaans, M., Meijerink, R. 2014, ApJ, 797, 139
Balmaverde, B., et al. 2017, A&A, 606, 23
Bañados, E., et al. 2018, Nat, 553, 473
Barkana, R., Loeb, A. 2001, PhR, 349, 125
Barrow, K., et al. 2018, NatAs, in press (arXiv:1809.03526)
Begelman, M. C. 2010, MNRAS, 402, 673
Bolton, J. S., Oh, S. P., Furlanetto, S. R. 2009, MNRAS, 395, 736
Chon, S., Laif, M. A. 2017, MNRAS, 467, 4293
Cicone, C., et al. 2015, A&A, 574, 14
de Souza, R. S., Ishida, E. .E. O., Whalen, D. J., Johnson, J. L., Ferrara, A.
2014, MNRAS, 442, 1640
Dijkstra, M., Haiman, Z., Rees, M. J., Weinberg, D. H. 2004, ApJ, 601, 666
Frebel, A., Norris, J. E. 2015, ARA&A, 53, 631
Frost, M. I., Surace, J., Moustakas, L. A., Krick, J. 2009, ApJ, 698, L68
Fujimoto, S., et al. 2019, ApJ, submitted (arXiv:1902.06760)
Gardner, J. P., et al. 2006, SSRv, 123, 485
Ginolfi, M., et al. 2018, MNRAS, submitted (arXiv:1811.10644)
Girichidis, P., et al. 2016, MNRAS, 456, 3432
Glover, S. C. O., Brand, P. W. J. L. 2003, MNRAS, 340, 210
Glover, S. C. O. 2016, MNRAS, submitted (arXiv:1610.05679)
Goto, T., Utsumi, Y., Kikuta, S., Miyazaki, S., Shiki, K., Hashimoto, T.
2017, MNRAS, 470, L117
Greif, T. 2015, ComAC, 2, 3
Habouzit, M., et al. 2016, MNRAS, 463, 529
Habouzit, M., et al. 2018, MNRAS, submitted (arXiv:1810.11535)
Hartwig, T., Ishigaki, M. N., Klessen, R. S.,Yoshida, N. 2019, MNRAS,
482, 1204
Hartwig, T., Bromm, V., Loeb, A. 2018, MNRAS, 479, 2202
Haemmerlé, L., Woods, T. E., Klessen, R. S., Heger, A., Whalen, D. J. 2018,
MNRAS, 474, 2757
Hocuk, S., Spaans, M. 2010, A&A, 522, 24
Hosokawa, T., Yorke, H. W., Inayoshi, K., Omukai, K., Yoshida, N. 2013,
ApJ, 778, 178
Inayoshi, K., Omukai, K. 2011, MNRAS, 416, 2748
Inayoshi, K., Tanaka, T. 2015, MNRAS, 450, 4350
Inayoshi, K., Li, M., Haiman, Z. 2018, MNRAS, submitted
(arXiv:1804.03143)
Iliev, I., Shapiro, P. R., Raga, A. C. 2005, MNRAS, 361, 405
Inoue, A. K. 2011, MNRAS, 415, 2920
Jaacks, J., Finkelstein, S. L., Bromm, V. 2018, MNRAS, submitted
(arXiv:1804.07372)
Johnson, J. L., Bromm, V. 2006, MNRAS, 366, 247
Johnson, J. L., Dijkstra, M. 2017, A&A, 601, 138
Johnson, J. L. 2010, MNRAS, 404, 1425
Johnson, J. L., Dalla Vecchia, C., Khochfar, S. 2013, MNRAS, 428, 1857
Johnson, J. L., Whalen, D. J., Agarwal, B., Paardekooper, J.-P., Khochfar, S.
2014, MNRAS, 445, 686
Kalirai, J. 2018, ConPh, 59, 251
Latif, M., Bovino, S., Grassi, T., Schleicher, D. R. G., Spaans, M. 2015,
MNRAS, 446, 3163
Latif, M., Ferrara, A. 2016, PASA, 33, 51
Maio, U., Borgani, S., Ciardi, B., Petkova, M. 2018, A&A, submitted
(arXiv:1811.01964)
Magg, M., et al. 2018, MNRAS, 473, 5308
McGreer, I. D., Bryan, G. L. 2008, ApJ, 685, 8
Mortlock, D. J., et al. 2011, Nat, 474, 616
9Nagakura, T., Omukai, K. 2005, MNRAS, 364, 1378
Nakauchi, D., Inayoshi, K., Omukai, K. 2014, MNRAS, 442, 2667
Natarajan, P., et al. 2017, ApJ, 838, 117
Osterbrock, D. E., Ferland, G. 2006, Astrophysics of Gaseous Nebulae and
Active Galactic Nuclei, Unversity Science Books, Sausalito
Nanni, R., Vignali, C., Gilli, R., Moretti, A., Brandt, W. N. 2017, A&A, 603,
128
Ni, Y., et al. 2018, MNRAS, submitted (arXiv:1806.00184)
Noh, Y., McQuinn, M. 2014, MNRAS, 444, 503
Okamoto, T., Gao, Liang, Theuns, T. 2008, MNRAS, 390, 920
Omukai, K., Schneider, R., Haiman, Z. 2008, ApJ, 686, 801
O’Shea, B. W., Norman, M. L. 2008, ApJ, 673, 14
Ota, K., et al. 2018, ApJ, 856, 109
Pons, E. et al. 2018, MNRAS, submitted (arXiv:1812.02481)
Poole, G. B., et al. 2017, MNRAS, 472, 3659
Poulton, R. J. J., et al. 2018, PASA, accepted (arXiv:1809.06043)
Regan, J. A., Johansson, P. H., Wise, J. H. 2016, MNRAS, 461, 111
Ripamonti, E. 2007, MNRAS, 376, 709
Rydberg, C.-E., et al. 2015, ApJ, 804, 13
Safranek-Shrader, C., et al. 2012, MNRAS, 426, 1159
Sarmento, R., Scannapieco, E., Cohen, S. 2018, ApJ, 854, 75
Schaerer, D. 2002, A&A, 382, 28
Schleicher, D. R. G., Palla, F., Ferrara, A., Galli, D., Latif, M. 2013, A&A,
558, 59
Shang, C., Bryan, G. L., Haiman, Z. 2010, MNRAS, 402, 1249
Shull, M. J., van Steenberg, M. E. 1985, ApJ, 298, 268
Simpson, C., et al. 2014, MNRAS, 442, 3454
Smidt, J., Whalen, D. J., Johnson, J. L., Surace, M., Li, H. 2018, ApJ, 865,
126
Smith, A., Bromm, V., Loeb, A. 2017, A&G, 58, 3.22
Sobral, D., et al. 2015, ApJ, 808, 139
Sugimura, K., Omukai, K., Inoue, A. K. 2014, MNRAS, 445, 544
Tanaka, T. L., Li, M. 2014, MNRAS, 439, 1092
Trenti, M., Stiavelli, M., Shull, J. M. 2009, ApJ, 700, 1672
Uchiyama, H., et al. 2018, ApJ, submitted (arXiv:1811.03662)
Uehara, H., Inutsuka, S. 2000, ApJ, 531, L91
Valiante, R., Agarwal, B., Habouzit, M., Pezzulli, E. 2017, PASA, 34, 31
Venemans, B. P., et al. 2017a, ApJ, 837, 146
Venemans, B. P., et al. 2017b, ApJ, 845, 154
Visbal, E., Bryan, G. L., Haiman, Z. 2017, MNRAS, 469, 1456
Volonteri, M. 2012, Sci, 337, 544
Windhorst, R. A., et al. 2019, arXiv:1903.06527
Wise, J. H., et al. 2019, Nat, 566, 85
Wolcott-Green, J., Haiman, Z. 2012, MNRAS, 425, L51
Wolcott-Green, J., Haiman, Z., Bryan, G. L. 2017, MNRAS, 472, 2773
Woods, et al. 2018, PASA, submitted (arXiv:1810.12310)
Wu, X.-B., et al. 2015, Nat, 518, 512
Wu, X. Kannan, R., Marinacci, F., Vogelsberger, M., Hernquist, L. 2019,
MNRAS, submitted (arXiv:1903.06167)
Xu, H., Wise, J. H., Norman, M. L. 2013, ApJ, 773, 83
Xu, H., Norman, M. L., O’Shea, B. W., Wise, J. H. 2016, ApJ, 823, 140
Yajima, H., Khochfar, S. 2017, MNRAS, 467, L51
Yang, J. et al. 2018, ApJ, submitted (arXiv:1811.11915)
Yue, B., et al. 2014, MNRAS, 440, 1263
Zackrisson, E., et al. 2012, MNRAS, 427, 2212
